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Glomerulosclerosis is characterized by the loss of glomerular
cells by apoptosis and deposition of collagen type I into the
normal collagen IV-containing mesangial matrix. We sought
to determine the alterations that might contribute to these
changes by performing proteomic analysis of rat mesangial
cell lysates comparing cells cultured on normal collagen type
IV to those grown on abnormal collagen type I surfaces.
Subculture on collagen type I was associated with changed
expression of several proteins, including a significant
upregulation of the paxillin-like LIM protein, hydrogen-
peroxide-induced clone 5 (Hic-5), and increased the
susceptibility of the cells to apoptosis in response to
physiological triggers. When we knocked down Hic-5 (using
siRNA), we found mesangial cells grown on collagen type I
were protected from apoptosis to the same degree as
untreated cells grown on collagen type IV. Further we found
that the level of Hic-5 in vivo was almost undetectable in
control rats but increased dramatically in the glomerular
mesangium of remnant kidneys 90 and 120 days after
subtotal nephrectomy. This induction of Hic-5 paralleled the
upregulation of mesangial collagen type I expression and
glomerular cell apoptosis. Our results suggest that Hic-5 is
pivotal in mediating the response of mesangial cells to
attachment on abnormal extracellular matrix during
glomerular scarring.
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Glomerular scarring following inflammation is an untrea-
table disease process accounting for up to 50% of cases of
chronic renal failure requiring dialysis.1 As in other organ
systems, during glomerular inflammation and subsequent
scarring, changes in the amount and composition of
extracellular matrix (ECM) coincide with undesirable loss
of normal resident cells leading to a degradation of tissue
architecture and function.2 In glomeruli the undesirable
loss of resident cells occurs by enhanced apoptosis.3,4 This
is associated with marked changes in the ECM of the
glomerular mesangium,2 including expression of type I and
other collagens that are normally limited to the interstitium,
and accumulation of plasma-type fibronectin.5 ECM is an
important regulator of phenotype, including cell survival, in
a wide variety of cell types,6 and our previous studies
established that this is also the case for glomerular mesangial
cells (MCs).4,7,8 Such findings support the hypothesis that the
development of glomerular scarring may reflect disruption of
cellular signaling secondary to altered composition of the ECM.
A principal means by which cells interact with the ECM is
through integrins; heterodimeric transmembrane receptors
consisting of families of a- and b-subunits.9 Upon attach-
ment to ECM, integrins mediate cell–ECM interactions
through focal adhesions.10,11 A variety of membrane-bound
and intracellular molecules are recruited to the focal adhesion
resulting in the assembly of the focal adhesion complex
(FAC).10,12 The recruitment of molecules to the FAC is
influenced both by the identity of the integrins that initiate
binding, and by the composition of the ECM to which they
bind.12–14 Recruited molecules include scaffold proteins that
tie the FAC to the cytoskeleton15 or that promote further
recruitment,12–14 receptors for extracellular signaling mole-
cules,16 and a wide variety of factors that propagate or modify
signaling pathways,17 thereby regulating cell phenotype. Cells
that fail to attach will generally die through anoikis.18 Cells
attaching to ECM that differs significantly from that of their
native environment may show alteration to a number of
signaling pathways, crucially including survival signal-
ing.17,19,20 In MCs the b1 integrin is particularly implicated
in signaling changes leading to altered phenotype.7 However,
its a partner and associated FAC components have not yet
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been identified, and thus the signaling pathways through
which these changes are effected remain unknown.
In the current studies, we have used two-dimensional
polyacrylamide gel electrophoresis (2D PAGE) and mass
spectrometry to identify changes in protein expression in
MCs following subculture on collagen type IV (found in
healthy glomeruli and associated with normal MC pheno-
type), and collagen type I (found in sclerotic glomeruli).7
Among several protein changes involving diverse cellular
processes, we identify significant upregulation of the LIM
protein, hydrogen-peroxide-induced clone 5 (Hic-5),21 in
MCs subcultured on collagen type I compared to collagen
type IV. Initially, susceptibility to apoptotic stimuli was used
as a marker for altered MC phenotype, as this is highly
relevant to the disease state of glomerulosclerosis and has
been successfully evaluated in our previous work using this
model system. siRNA knockdown of Hic-5 afforded MCs
subcultured on collagen type I the same protection from
proapoptotic triggers as subculture on collagen type IV. To
confirm the involvement of Hic-5 in a relevant in vivo model
system, we examined tissue from subtotal nephrectomized
rats. This revealed very low levels of Hic-5 expression in
glomeruli of sham-operated animals, but upregulated
mesangial expression at days 90 and 120 after nephrectomy,
associated with significant upregulation of collagen type I
expression and glomerular cell apoptosis.22 These findings
suggest that ECM regulation of MC phenotype, especially as
regards susceptibility to apoptosis during glomerulosclerosis,
is mediated by Hic-5.
RESULTS
Proteomic analysis of MCs subcultured on collagen type IV,
compared to collagen type I
To investigate protein changes consequent on attachment of
MCs to ECM proteins associated with either healthy or
sclerotic glomeruli, lysates from MCs subcultured on tissue
culture plastic-coated with collagen type IV (the major
component of mesangial ECM in healthy glomeruli), collagen
type I (typical of sclerotic glomeruli), or untreated plastic
were analyzed by 2D PAGE. Typical gels are shown in
Figure 1. Of 1800, 27 protein spots were significantly different
between the three different ECM conditions, using a
minimum change in percentage volume of 2-fold (Po0.05
by Student’s t-test). Of 27 altered proteins, 15 produced mass
spectra that could be used for peptide mass fingerprinting.
Eleven of these were matched to proteins in the SwissProt
database (Table 1). These include ECM protein precursors,
cytoskeletal components, transcription factors, intermediate
signaling molecules, and components of the FAC. Some
proteins whose altered expression correlated with MC growth
on collagen type IV rather than on collagen type I were
examined by western blotting. Immunoblotting confirmed
the changes in the identified proteins, except for PAI1, where
the pattern of changes seen by immunoblotting differed from
that seen by 2D PAGE (Figure 2). Of particular interest was
Hic-5, which shows significant upregulation in MCs
subcultured on both plastic and on collagen type I, as
compared to levels in cells grown on (physiologically normal)
collagen type IV. Hic-5 is a LIM protein and Paxillin
homologue that localizes to FACs and may modulate
signaling through the FAC.23 Hic-5 has also been implicated
in cell survival signaling through alteration of hsp27 levels,
and is an ortholog of the lepidopteran death-associated LIM-
only protein. For these reasons Hic-5 was chosen for further
study. Real-time PCR on cDNA performed from cells grown
on the different matrices indicated no changes in Hic-5
mRNA levels (Figure 3), suggesting that Hic-5 protein levels
are possibly regulated by posttranscriptional mechanisms, by
either altered translation or protein degradation.
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Figure 1 |2D PAGE gel profiles. Representative protein
separations are shown for lysates from RMC cells grown on
collagen type I or collagen type IV. Proteins found to be altered
between growth condition are indicated. Numbers correspond to
those in Table 1. 2D PAGE, two-dimensional polyacrylamide gel
electrophoresis; MW, molecular weight; RMC, rat mesangial cell line.
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siRNA-mediated knockdown of Hic-5 protects MCs from
proapoptotic stimuli
We have previously shown that ECM proteins regulate MC
apoptosis triggered by withdrawal of soluble survival factors.
Cells subcultured on collagen type IV were protected from
apoptosis relative to those grown on collagen type I or on
untreated tissue culture plastic. We have now studied other
stimuli relevant in models of glomerular disease, measuring
apoptosis by morphological and biochemical criteria. Apop-
tosis was induced by 8 h of serum starvation, or 5 h treatment
with the topoisomerase II inhibitor etoposide, or H2O2, (to
reflect proapoptotic stimuli of ischemia and inflammation
seen in diseased glomeruli in vivo7,8), at which point
approximately 30% of cells growing on plastic were
apoptotic. Conditions were chosen to ensure that cells
undergoing apoptosis would still be recognizable as such
and not have undergone secondary necrosis.4,7,8 These
conditions also achieve a comparable degree of apoptosis
Table 1 | Protein identities determined by mass spectrometry
Spot
Mean fold change
versus plastic Theoretical
No. of peptides Coverage Mowse
no. Col. I Col. IV Protein identity SwissProt PI Mass (kDa) recognized (%) score
1 0.9 0.3 Collagen a1 (I) chain precursor P11087 6.2 138 16 16 81
2 0.8 0.3 Collagen a1 (III) chain precursor P13941 7.3 139 11 24 74
6 0.8 0.5 Far upstream element binding protein 2 Q99PF5 6.4 74 27 43 253
7 0.8 0.4 Moesin O35763 6.2 68 26 43 179
8 0.2 0.3 Eukaryotic translation initiation factor 5 Q07205 5.4 49 11 28 62
9 0.3 0.3 Sorting and assembly machinery component 50 Q6AXV4 6.3 52 9 21 80
10 1.2 0.4 High-mobility group protein 1 P07155 5.6 25 8 40 61
16 1.5 0.5 Hydrogen-peroxide-induced clone 5 Q99PD6 6.5 50 13 37 80
23 0.7 2.0 Plasminogen activator inhibitor 1 P20961 6.2 45 11 31 105
24 2.1 4.7 Serine protease HTRA1 Q9R118 7.0 51 9 23 72
26 1.2 2.1 F-actin capping protein b-subunit P47756 5.4 31 10 36 90
Abbreviations: Col., collagen; PI, isoelectric point.
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Figure 2 |Western blotting–confirmed changes in expression
of proteins between cells grown on different substrates. Cells
were grown on plastic (lane 1), collagen type I (lane 2), or collagen
type IV (lane 3). An antibody to actin was used for a protein
loading control, and parallel gels were stained with Coomassie
blue, scanned, and analyzed by densitometry. In all cases a single
band of the expected molecular weight was observed, except for
anti-FBP, in which the antibody recognizes both FBP1 (68 kDa)
and FBP2 (74 kDa); and Hic-5 (antibody C34), for which the two
major isoforms of the protein run as a tight doublet. Hic-5
antibody showed no evidence of cross-reactivity with its homolog
paxillin. Hic-5, hydrogen-peroxide-induced clone 5.
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Figure 3 |Real-time PCR for Hic-5 performed on cDNA made
from lysates of MCs grown on plastic, collagen I, or collagen
IV. Glyceraldehyde-3-phosphate dehydrogenase was used as
the control reaction, and analysis was by the DDCt method.
Relative Hic-5 expression is shown as mean (±1 s.d.) for six
replicates. Hic-5 mRNA levels show no significant difference
between conditions. Hic-5, hydrogen-peroxide-induced clone 5,
MCs, mesangial cells.
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between proapoptotic stimuli. For each set of experiments
the percentage apoptosis was corrected to give a notional
signal of 100 for rat mesangial cell lines (RMCs) growing on
plastic. For both serum starvation and etoposide treatment
culture on collagen type IV reproducibly produced the same
degree of protection from apoptosis (Figure 4a). We observed
a similar protective effect in cells treated with H2O2, however
wells contained large but variable numbers of necrotic cells
making quantification of apoptosis difficult (data not
shown). We also performed immunoblotting for cleaved
poly-(ADP-ribose)polymerase (PARP) on lysates from cells
subjected to the triggers above.24 This biochemical measure
of apoptosis confirmed the morphological results (Figure
4b). As this model has proved both reproducible and highly
relevant to the pathophysiology of glomerular disease, we
have used it to begin to investigate the effects of Hic-5
signaling in MCs.
siRNA knockdown was used to suppress expression of
Hic-5.25 Four constructs were prepared using Hic-5
sequences nonhomologous to any other known sequences
in online databases. Line 1 (si1.1) achieved 490% knock-
down of Hic-5 compared to MCs transfected with scrambled
sequence (Figure 5), and was used in subsequent experi-
ments. Hic-5 knock-down MCs were subjected to proapop-
totic stimuli following subculture onto collagen type IV,
collagen type I, or untreated tissue culture plastic. Hic-5
knock-down cells subcultured on collagen type I or plastic
showed a reduction in rates of apoptosis comparable to wild-
type cells subcultured on collagen type IV (Figure 6). This
shows that by at least one important measure reduced
expression of Hic-5 reproduces phenotypic changes in MCs
induced by attachment to collagen type IV.
Glomerular mesangial Hic-5 expression is upregulated in an
animal model of progressive glomerulosclerosis
Having established a role for Hic-5 in an in vitro model of
glomerulosclerosis, we sought evidence of an in vivo role by
studying tissue from subtotal nephrectomized rats. This
model was chosen because there is significant upregulation of
mesangial collagen type I expression and coincident glomer-
ular cell apoptosis at days 90 and 120 after nephrect-
omy.22,26,27 Slides of formalin-fixed, paraffin-embedded
kidney material from subtotal nephrectomized rats and from
sham-operated controls were stained for Hic-5 and scored for
intensity of glomerular staining. Glomeruli from control
animals showed very little or no staining with Hic-5, whereas
most glomeruli from subtotal nephrectomized rats showed
intense mesangial staining at 90 and 120 days, varying in a
segmental manner (Figure 7). Glomeruli were scored for
intensity of staining from 0 (unstained) to 5 (intense
staining) by a masked observer (AM). A total of 25
consecutive glomeruli were scored from each of three animals
for each condition and mean scores are presented in Figure
7c. Treated animals at day 90 and day 120 showed
significantly higher intensity scores compared with controls.
There was a nonsignificant difference between the 90- and
120-day groups. Sections from clamp-frozen kidneys showed
the same pattern of staining, although tissue architecture was
less well preserved (data not shown). The presence and
number of apoptotic cells in glomeruli of nephrectomized
kidneys were confirmed both by examining sections stained
with periodic acid/Schiff ’s reagent for glomerular cell nuclei
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Figure 4 |Growth on collagen type IV protects mesangial cells
from apoptosis. (a) Histogram showing rates of apoptosis in rat
mesangial cells subcultured on tissue culture plastic (Plastic),
collagen type I (Col. 1), or collagen type IV (Col. 4), then subjected
to apoptotic stimuli. The percentage of apoptotic cells is
corrected to a signal of 100 (relative units) for that seen in cells
subcultured on tissue culture plastic. Numbers are a mean of 12
counted fields (±1 s.d.). Significant differences are marked (*)
(Po0.001). A reduction in apoptosis rates in cells subcultured on
collagen type IV was seen for both stimuli. (b) PARP cleavage was
used to confirm that cell death was occurring by apoptosis.
Apoptosis was induced as above. Protein lysates were harvested
and immunoblotting was carried out using an antibody specific
for the 85 kDa fragment of cleaved PARP, which does not
recognize either the 29 kDa cleaved fragment or the intact
protein. Apoptosis is induced by both fetal calf serum withdrawal
(starvation) and etoposide treatment. p, plastic; PARP, poly-
(ADP-ribose)polymerase; 1, collagen type I grown cells; 4, collagen
type IV grown cells.
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Figure 5 | siRNA suppression of Hic-5 protein expression.
Lanes: M, molecular weight markers; C, control; 1–4; siRNA lines
1–4. siRNA line 1 showed significant downregulation of hydrogen-
peroxide-induced clone 5 (Hic-5) levels. Protein loading was
controlled using antibodies to actin (data not shown).
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showing the typical morphological features of apoptosis, and
by TUNEL staining (Figure 8). Control kidneys contained no
apoptotic cells, whereas numbers of apoptotic cells were
significantly increased in nephrectomized animals. Tissue was
also stained for expression of collagen types I and IV, and
scored for intensity of staining as above. Levels of collagen
type I were significantly increased (49-fold) in nephrecto-
mized animals (Figure 9a). Levels of collagen type IV were
slightly increased (o2-fold) in glomeruli of nephrectomized
kidneys (Figure 9b), possibly reflecting a general increase in
ECM in sclerotic glomeruli. Furthermore, after staining
consecutive tissue sections, glomeruli showing more intense
staining for Hic-5 correlated with those that expressed higher
levels of collagen type I (Figure 9c).
DISCUSSION
Glomerulosclerosis is characterized by the replacement of
functional glomerular cells with acellular scar tissue.
Apoptosis underlies the undesirable loss of mesangial and
other cells.3,4 The glomerular tuft is replaced by abnormal
ECM proteins,5 with increased expression of collagen type I.
Our current studies show that culture of MCs on collagen
type I is associated with multiple changes in protein
expression, compared to cells grown on collagen type IV.
Altered proteins that were identified included transcrip-
tion factors, intermediate signaling molecules, and proteins
regulating cytoskeletal assembly and matrix synthesis. Inter-
estingly, we saw changes in collagen type I precursors in our
2D PAGE studies, suggesting, subject to further investigation,
the existence of a positive feedback loop promoting
deposition of collagen type I by MCs in contact with this
substrate. HTRA1 is one of a small family of serine proteases
that bind hydrophobic peptides and may recognize misfolded
proteins.28 This function may be particularly important in
cells undergoing stress. HTRA1 is also known to interact with
TGF-b family members29 and to be involved in collagen
degradation.30 HMGB1 binds to single-stranded and un-
winds double-helical DNA. It exerts its effect as a transcrip-
tion factor, regulating a number of promoters,31 and also may
be involved in extension of cytoplasmic processes and ECM
substrate attachment. FUBP2 is an RNA trafficking protein
mediating exon inclusion. It also has a role in control of gene
expression through its interaction with the far upstream
element.32 These proteins are the subject of further research
in our laboratory.
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Figure 6 |Hydrogen-peroxide-induced clone 5 (Hic-5)
knockdown using siRNA protects mesangial cells from
apoptosis. Histograms show rates of apoptosis between
mesangial cells stably transfected with si1.1 (Hic-5 knockdown) or
scrambled siRNA (siScr), subcultured on tissue culture plastic
(Plastic), collagen type I (Col. 1), or collagen type IV (Col. 4), then
subjected to apoptotic stimuli as previously described. Rates of
apoptosis are corrected to a signal of 100 (relative units) for that
seen in control cells subcultured on tissue culture plastic.
Numbers are a mean of 12 counted fields (±1 s.d.). Significant
differences are marked (*) (Po0.001). Untransfected rat mesangial
cell lines (RMCs) were treated in parallel to confirm that
transfection with siScr did not affect cell behavior (data not
shown). Transfection with si1.1 (Hic-5 knockdown) reduces rates
of apoptosis to those seen in control cells subcultured on collagen
type IV.
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Figure 7 |Hydrogen-peroxide-induced clone 5 (Hic-5) is highly
expressed in glomeruli of sclerotic kidneys but not expressed
in healthy glomeruli. Sections of kidney from sham-operated
control rats or from 5/6 nephrectomy (SNx) animals were stained
by immunohistochemistry with antibodies to Hic-5. Example
glomeruli are shown: (a) from healthy control, (b) from a 5/6
nephrectomy animal at 120 days. Hic-5 staining was observed in
distal tubules in all conditions (D, arrowhead). Glomeruli from
healthy kidneys showed very little or no staining. Most glomeruli
from sclerotic kidneys showed intense staining. Mean scores for
staining intensity are shown in (c), as a histogram (±1 s.d.). Highly
significant (Po0.001) differences are shown (*). For these studies,
anti-Hic-5 antibody ab42476 (Abcam) was used. Western blotting
confirmed that this antibody recognizes a single band of expected
size (data not shown). Sections incubated with an irrelevant
primary antibody remained unstained (data not shown).
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Of particular interest, however, was a significant down-
regulation of Hic-521 in MCs growing on collagen IV as
compared to those grown on collagen type I or on plastic.
Hic-5 is the mammalian ortholog of lepidopteran death-
associated LIM-only protein.33 Containing four LIM
domains, and three or four (in the a- and b-isoforms)
LD (leucine-aspartate repeat motif) domains,34 the protein–-
protein interactions of Hic-5 are numerous,35–38 and a variety
of roles in nuclear and cytoplasmic cellular processes are
reported. In different cell types and under different culture
conditions, Hic-5 has been shown to regulate phenotypic
changes including adhesion, spreading, migration, and
differentiation.39–46 Experiments are going on to examine
these in MCs (manuscript in preparation). As to regulation
of apoptosis, paxillin, a close protein homologue of Hic-5,
has been shown to interact with Bcl-2 family members
through its LD4 motif,47,48 although this has not been found
to be the case for Hic-5.47 Nevertheless, Hic-5 competes with
paxillin for binding of FAK,39 whose phosphorylation is
associated with phenotypic changes, including suppression of
apoptosis, in several cell types.6 Our studies have not, so far,
revealed changes in FAK, paxillin, or Bcl-2 family members.
We observed approximately equal expression of the a- and
b-isoforms of Hic-5 in MCs, and their relative contribution
to phenotype was not examined. Despite the alteration in
protein level, real-time PCR showed no changes in Hic-5
mRNA levels in cells plated on collagen type IV, suggesting
that Hic-5 may be regulated by posttranscriptional mechan-
isms in MCs. No reports have been published investigating
mechanisms of regulation of Hic-5 protein levels, however we
speculate that this might occur either by a reduction in
translation, or by increased protein degradation. Stable
siRNA knock-down cells showed no obvious change in
phenotype before stressing with proapoptotic triggers. This
correlates with the apparently identical phenotypes of
unstressed MCs growing on different matrices. siRNA
knockdown of Hic-5 confers protection from apoptosis on
MCs growing on collagen type I identical to that provided by
subculture on collagen type IV.
A criticism of our approach in our in vitro studies might be
that these results were derived in 2D cultures of cells that
normally occupy a place in a complex 3D structure,
surrounded by other cell types. Also, although rat MCs were
used, the collagen type IV was, due to availability, from human.
However the primary, secondary, and tertiary structures of
these proteins are highly conserved between species, as is their
relative expression in disease states.5,49 Furthermore, this model
has previously yielded results that have been proven predictive
of behavior in animal systems, such as regulation of MC
proliferation by platelet-derived growth factor-b, and secretion
of excessive ECM components.50–52
Nevertheless, we sought to confirm the relevance of our
in vitro results in an animal model of progressive glomerulo-
sclerosis. Immunohistochemical studies showed that Hic-5 is
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Figure 8 | Experimental animals, but not controls, contain
apoptotic cells within their glomeruli. (a) Example glomerulus
from section stained with periodic acid–Schiff reagent (original
magnification,  1000). Apoptotic cell is indicated by arrowhead.
(b) Example glomerulus from section stained by TUNEL (original
magnification,  400). Apoptotic cell is indicated by arrowhead.
(c) Histogram showing mean apoptosis (±1 s.d.) in experimental
and control animals at days 90 and 120 determined by
morphology in periodic acid–Schiff reagent-stained sections.
Differences between experimental and control conditions were
highly significant (Po0.001).
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Figure 9 |Collagen type I is coexpressed with hydrogen-
peroxide-induced clone 5 (Hic-5) in sclerotic glomeruli.
Sections of kidneys were stained using antibodies to collagen
type I and to collagen type IV, and scored for intensity of
glomerular staining. Results are shown as mean score ±1 s.d.
Collagen type I was highly increased (49-fold) in nephrectomized
animals (a) (Po0.001). Collagen IV was slightly increased
(o2-fold) in nephrectomized animals (b) (P¼ 0.02). Consecutive
sections of kidney tissue were stained with antibodies to Hic-5 (c)
and to collagen type I (d). Typically, glomeruli expressing higher
levels of Hic-5, such as that seen on the upper left, also express
higher levels of collagen type I. Glomeruli showing no Hic-5
expression (lower right) do not express collagen type I either.
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highly expressed in glomeruli of rats from a 5/6 nephrectomy
model of glomerular sclerosis at days 90 and 120 after
nephrectomy, while being generally undetectable in glomeruli
from healthy controls. Our experimental data confirm that
this coincides with greatly increased mesangial collagen type I
expression and glomerular cell apoptosis.22,26,27 We observed
that individual glomeruli showed coincident changes in levels
of expression of Hic-5 and collagen I. Collagen type IV
persists throughout the time course of the experiment,
suggesting that the deleterious effects on glomerular cells are
possibly caused by the ligation of integrins to collagen type I
rather than the absence of ligation to collagen type IV.
Apoptotic cells were seen in glomeruli of sclerotic kidneys,
but not in the controls. Thus the in vivo changes in this well-
characterized model closely reflect our in vitro work. Further
studies to characterize this increased expression of Hic-5,
its timing and regulation, its focal and segmental appearance
and development, and its role in progression of glomerulo-
sclerosis are required, but are beyond the scope of our
current report.
In conclusion, we have shown that in an in vitro model
attachment of MCs to collagen type I, rather than collagen
type IV, is associated with altered expression of proteins
involved in multiple cellular processes. One of these, Hic-5, is
shown through siRNA-mediated knockdown to be a crucial
determinant of MC susceptibility to apoptosis. This is an
important factor in progression of glomerulosclerosis.
Furthermore we have established that Hic-5 is expressed at
very low levels in healthy glomeruli, but is highly upregulated
in glomeruli of sclerotic kidneys in an animal model of
progressive glomerulosclerosis and is associated with deposi-
tion of mesangial collagen type I and glomerular cell
apoptosis. Such findings have important implications for
the understanding of cell–matrix interactions in progressive
glomerulosclerosis and warrant further study.
MATERIALS AND METHODS
Materials
Reagents were from Sigma (Gillingham, UK) and VWR (Poole, UK),
unless otherwise stated. Culture media and L-glutamine were from
Gibco (Paisley, UK), fetal calf serum from Harlan Sera-Lab
(Loughborough, UK), tissue culture plastic from Corning Incorpo-
rated (Aldershot, UK), Superfrost Plus microscope slides from
Thermo Scientific (Basingstoke, UK). Pharmalyte, PlusOne silver
stain and pH 3–10 NL-IPG strips were from GE Healthcare
(Buckingham, UK), silver staining kits for analytical gels from
Owl Separation Systems (Portsmouth, UK), Super Signal West Dura
fluorescent labeling system from Pierce (Rockford, IL, USA), Dako
Envisionþ System-HRP from DakoCytomation (Ely, UK).
Antibodies. FUBP (N15) and HTRA1 (C19) were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA); horseradish-perox-
idase-conjugated rabbit anti-goat (P0449) from DakoCytomation;
Hic-5 (C34) from BD Transduction Laboratories (Franklin Lakes,
NJ, USA); HMGB1 (4C3), Hic-5 (ab42476), Col-1 (ab6308), Col-IV
(ab6586), and PARP-cleaved p85 (Y34) from Abcam (Cambridge,
UK); PAI1 (Ab1) from Calbiochem Immunochemicals (Nottingham,
UK); and Actin (ac-40-Cy3) was from Sigma.
The RMC was provided by Dr Kitamura (UCL).7,8,53,54 Phoenix
A cells were from ATCC.
Cell culture
Rat mesangial cell lines were cultured in Dulbecco’s modified Eagle’s
medium/F-12 (50:50) with 10% v/v fetal calf serum, 2mM
L-glutamine in 5% CO2 at 37 1C. Cells were discarded after a
maximum of 10 passages from initial subculture. Mesangial
morphology was regularly checked.55
Phoenix A cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% v/v fetal calf serum and 2mM L-glutamine in 5%
CO2 at 37 1C.
2D PAGE
Tissue culture surfaces were covered with solutions of 10mg/ml collagen I
(rat tail purified) or collagen IV (human placenta) in phosphate-buffered
saline and incubated for 16h, 37 1C in 5% CO2. Protein solution was
aspirated, wells washed in phosphate-buffered saline, and RMC was
seeded onto the substrates. Lysates were prepared following subculture
on the different substrates for 16h. Cells were lysed in 7M urea, 2M
thiourea, 4% w/v CHAPS, 1% w/v DTT, 0.8% v/v Pharmalyte pH 3–10,
1mg/ml Pefabloc, MP Biomedicals, London, UK. Following dilution to
450ml in reswelling buffer (7M urea, 2M thiourea, 4% w/v CHAPS,
0.46% w/v DTT, 0.2% v/v Pharmalyte pH 3–10, and trace bromophenol
blue), 30mg of protein was separated on nonlinear pH 3–10 IPG strips.
In-gel rehydration was carried out for 13h at 30V. Focusing was carried
out for 65kVh (220V for 1h, 100V for 1h, gradient increase to 8000V
over 1h, 8000V to end) on an IPGphor (GE Healthcare). Second
dimension separation on 10% polyacrylamide gels was performed using
the ISO-DALT system (GE Healthcare). IPG strips were incubated in
equilibration buffer (6M urea, 30% v/v glycerol, 2% w/v SDS 50mM Tris
(pH 6.8)) with 1% w/v DTT for 15min, then 10min in equilibration
buffer with 4% w/v iodoacetamide. Strips were rinsed in running buffer
(24mM Tris, 200mM glycine, 0.1% w/v SDS) and placed onto gels. Gels
were run overnight at 18mA/gel at 12.5 1C. Proteins were visualized by
silver staining. Triplicate gels for each condition were analyzed using
Melanie 3 software (GeneBio, Geneva, Switzerland). Percentage volume
was used for spot quantitation and altered spots (42-fold average
change (Po0.05, Student’s t-test), compared to one or both of the other
conditions) were confirmed by visual inspection.
Protein identification
Protein (1mg) was separated as above and stained with a modified
PlusOne silver stain.56 Spots were excised, destained, and digested
with trypsin. Peptides were reconstituted in 5 ml 20% v/v ACN; 1 ml
was mixed with 1 ml matrix solution (10mg/ml a-cyano-4-hydro-
xycinnamic acid in 50% v/v ethanol/ACN), spotted onto a MALDI
target plate and dried. Mass spectra were produced using a M@LDI
L/R instrument (Waters Corp, Milford, MA, USA). For each sample
100 laser shots were accumulated and combined. Spectra were
processed (background subtraction, smoothing, and peak centroid-
ing) and calibrated externally using a tryptic digest of alcohol
dehydrogenase and then internally using a trypsin autolysis product.
The set of monoisotopic peptide masses for each sample was used to
search the SwissProt version 44.3 database (taxonomy: Mammalia)
using the Mascot search engine (http://www.matrixscience.com).
Searches were performed using an unrestricted protein molecular
mass range, a variable modification of carbamidomethyl-Cys,
allowing for one missed cleavage and 50 p.p.m. error tolerance in
peptide mass. Probability-based Mowse scores of 61 or above
(Po0.05) were considered statistically significant.
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Immunoblotting
Lysates were prepared in Laemmli buffer (62.5mM Tris-HCl (pH
6.8), 10% v/v glycerol, 2% w/v SDS, 5% v/v 2-mercaptoethanol, a
trace of bromophenol blue) following 16 h subculture on the
different substrates. Protein (2 mg) was separated by SDS–PAGE, in
25mM Tris, 192mM glycine, 0.1% w/v SDS, and transferred onto
Hybond-C Super (GE Healthcare). Primary antibody was applied in
Tris-buffered saline/Tween, 1% w/v non-fat milk powder for 2 h at
room temperature except for anti-HTRA and PARP (16 h, 4 1C).
Dako EnvisionþHRP-based detection system (diluted 1:200 v/v in
Tris-buffered saline/Tween, 5% w/v non-fat milk powder) was
applied for 1 h. Antibody binding was detected using SuperSignal
West Dura, Pierce, Tattenhall, UK, followed by exposure to Kodak
(Sigma-Aldrich, St Louis, MO, USA) Biomax MS film. Relative
protein abundance was estimated by densitometry on scanned
12-bit images from a Personal Densitometer SI (GE Healthcare),
using ImageQuant (GE Healthcare) software.
Assessment of survival effects of matrix proteins
Apoptosis was induced following subculture on the different
substrates for 16 h. Three methods were used. Soluble growth factor
deprivation was achieved by incubation in RPMI 1640 medium,
with no supplements. In a second set of experiments, etoposide
(50mmol/l) was added to serum-free RPMI 1640 medium as an
additional proapoptotic stimulus. In a third, H2O2 was added to
complete Dulbecco’s modified Eagle’s medium/F-12 medium to
150mmol/l. Cells were incubated at 37 1C, 5% CO2. Cells were
visualized by addition of acridine orange to 10mmol/l. Cells showing
apoptotic or healthy morphology were counted using inverted
fluorescent microscopy on a Zeiss (Welwyn Garden City, UK)
Axiovert 10. Four nonoverlapping fields from the central area of
each well were counted. Experiments were conducted in triplicate.7,8
As an additional measure of apoptosis, PARP cleavage was
determined by immunoblotting and densitometry.25
Real-time PCR
mRNA was isolated using RNeasy Mini Kit (Qiagen, Crawley, UK).
cDNA was generated using Superscript III Reverse Transcriptase
(Invitrogen, Paisley, UK). Real-time PCR was carried out using TaqMan
Gene Expression Assays Rn01511347_gI (Hic-5) and Rn99999916_sI
(glyceraldehyde-3-phosphate dehydrogenase), and TaqMan Universal
PCR Master Mix on a 7500 Real-Time PCR System (all from Applied
Biosystems, Foster City, CA, USA). All reactions were carried out
according to manufacturer’s instructions. Analysis was by DDCt method.
siRNA knockdown of Hic-5
Oligonucleotides were synthesized by Sigma. Oligonucleotide
sequences are shown in Table 2 (sequence complementary to the
Hic-5 gene in capitals). Scrambled sequence is based on oligo set 1: it
does not match any sequences found in online databases.
Oligonucleotide pairs were annealed and ligated into HindIII/
BglII digested pRetroSuper-puro (a gift from Darren Tomlinson57).
Constructs were amplified in XL1 Blue competent Escherichia coli
(Stratagene, Cedar Creek, TX, USA). Constructs were introduced
into 293-PhoenixA cells using SiPORT transfection agent (Ambion,
Austin, TX, USA). Supernatant containing viral particles was
harvested on days 3 and 4, and polybrene was added to 8 mg/ml.
The medium (4ml) was used for infection of each T75 flask of
RMC, followed by selection with puromycin (1.5 mg/ml).
Remnant kidney model
Renal tissue was obtained from remnant kidney model rats
as previously described.26,27 Briefly, male Wistar rats (350–400 g)
were subjected to a one-stage subtotal (5/6) nephrectomy (SNx)
consisting of left nephrectomy with upper and lower poles resection
of the right kidney. Rats were housed 2–4 to a cage and maintained
at 20 1C and 45% humidity on a 12-h light–dark cycle. They were
allowed free access to standard rat chow (Labsure, Cambridge, UK)
and tap water. At days 90 and 120 after SNx, experimental groups of
three rats were killed and the remnant kidney was removed, fixed in
formalin, and embedded in paraffin. At each time point, three control
animals were killed that had been subjected to a sham operation.
Immunohistochemistry
Paraffin-embedded sections (4 mm) were dewaxed and rehydrated.
Staining was carried out by standard methods. Briefly, antigen
retrieval was performed by boiling in 10mM sodium citrate (pH 6.0,
20min). Primary antibody was applied at 5 mg/ml for 2 h. Dako
EnvisionþHRP based detection system for was applied for 1 h and
developed with diaminobenzidine. Antibodies were also tested
against frozen tissue, to ensure antibody specificity. Clamp-frozen
tissue was obtained from Dr Anne-Marie Seymour (Department of
Biological Sciences, University of Hull, UK). Sections (4mm) were
fixed in acetone and rehydrated in tap water. Primary antibody was
applied at 5 mg/ml for 16 h at 4 1C. Subsequent treatment was as for
paraffin-embedded sections. (The specificity of the Hic-5 antibody
was further confirmed by western blotting of lysates of cultured
cells.) Glomeruli were scored for intensity of staining using a Zeiss
Axioplan microscope, at  250 magnification. Photographs were
taken at  400 magnification. Staining sections with PAS was
carried out by standard methods, staining in 1% periodic acid for
10min and with Schiff ’s reagent for 20min, followed by counter-
staining with hematoxylin. TUNEL assay used the Apoptag in situ
Apoptosis Detection Kit (Millipore, Watford, UK). All reagents were
used according to the manufacturers’ instructions. In all cases 25
consecutive glomeruli were scored for each animal.
Table 2 | Oligonucleotide sequences
Sequence
1, forward gatccccGGATCATCTATACAGCACAttcaagagaTGTGCTGTATAGATGATCCtttttggaaa
1, reverse agcttttccaaaaaGGATCATCTATACAGCACAtctcttgaaTGTGCTGTATAGATGATCCggg
2, forward gatccccCATTACAGATGAAATCATGttcaagagaCATGATTTCATCTGTAATGtttttggaaa
2, reverse agcttttccaaaaaCATTACAGATGAAATCATGtctcttgaaCATGATTTCATCTGTAATGggg
3, forward gatccccGAGCATAACCACTGTCCCTttcaagagaAGGGACAGTGGTTATGCTCtttttggaaa
3, reverse agcttttccaaaaaGAGCATAACCACTGTCCCTtctcttgaaAGGGACAGTGGTTATGCTCggg
4, forward gatccccCATTTCTGCTGTGTCAGCTttcaagagaAGCTGACACAGCAGAAATGtttttggaaa
4, reverse agcttttccaaaaaCATTTCTGCTGTGTCAGCTtctcttgaaAGCTGACACAGCAGAAATGggg
Scrambled, forward gatccccGGAACTTCTATACCGAACAttcaagagaTGTTCGGTATAGAAGTTCCtttttggaaa
Scrambled, reverse agcttttccaaaaaCTGGAAACCACACTTACCAtctcttgaaTGGTAAGTGTGGTTTCCAGggg
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Statistical analysis
Apoptosis: an analysis of variance test indicated a significant
difference between conditions and an interaction term indicated
that the change related to plating substrate was not constant across
cell lines. A two-sample t-test was used to perform pairwise
comparisons between conditions, correcting for multiple testing
using the Bonferroni method. Immunohistochemistry: analysis of
variance was used to test for differences in score for intensity
of staining; Wilcoxon rank-sum test was used to analyze numbers of
apoptotic cells in glomeruli. Reverse transcription–PCR and total cell
numbers in glomeruli: Wilcoxon–Mann–Whitney test was used to
compare means and distributions.
DISCLOSURE
All the authors declared no competing interests.
ACKNOWLEDGMENTS
This work was supported by the National Kidney Research Fund
(grant R/51/01), Kidney Research UK (grant 18/2/2005), The Special
Trustees of Leeds Teaching Hospitals NHS Trust, and the Yorkshire
Kidney Research Fund. pRetroSuper-puro was a gift from Dr Darren
Tomlinson (The CRUK Clinical Research Centre, Leeds, UK). Assistance
with statistical analysis was given by Dr David Cairns (The CRUK
Clinical Research Centre, Leeds, UK). We thank Dr Anne-Marie
Seymour (Hull University) for provision of frozen tissue of subtotally
nephrectomized rats.
REFERENCES
1. Schieppati A, Remuzzi G. Chronic renal diseases as a public health
problem: epidemiology, social, and economic implications. Kidney Int
Suppl 2005: S7–S10.
2. Liu Y. Renal fibrosis: new insights into the pathogenesis and therapeutics.
Kidney Int 2006; 69: 213–217.
3. Sugiyama H, Kashihara N, Makino H et al. Apoptosis in glomerular
sclerosis. Kidney Int 1996; 49: 103–111.
4. Baker AJ, Mooney A, Hughes J et al. Mesangial cell apoptosis: the major
mechanism for resolution of glomerular hypercellularity in experimental
mesangial proliferative nephritis. J Clin Invest 1994; 94: 2105–2116.
5. Couchman JR, Beavan LA, McCarthy KJ. Glomerular matrix: synthesis,
turnover and role in mesangial expansion. Kidney Int 1994; 45:
328–335.
6. Gilmore AP. Anoikis. Cell Death Differ 2005; 12(Suppl 2): 1473–1477.
7. Mooney A, Jackson K, Bacon R et al. Type IV collagen and laminin regulate
glomerular mesangial cell susceptibility to apoptosis via beta(1) integrin-
mediated survival signals. Am J Pathol 1999; 155: 599–606.
8. Mooney A, Jobson T, Bacon R et al. Cytokines promote glomerular
mesangial cell survival in vitro by stimulus-dependent inhibition of
apoptosis. J Immunol 1997; 159: 3949–3960.
9. Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell 2002;
110: 673–687.
10. Ridley AJ, Hall A. The small GTP-binding protein rho regulates the
assembly of focal adhesions and actin stress fibers in response to growth
factors. Cell 1992; 70: 389–399.
11. Parsons JT, Schaller MD, Hildebrand J et al. Focal adhesion kinase:
structure and signalling. J Cell Sci Suppl 1994; 18: 109–113.
12. Parsons JT. Focal adhesion kinase: the first ten years. J Cell Sci 2003; 116:
1409–1416.
13. Giancotti FG. Complexity and specificity of integrin signalling. Nat Cell
Biol 2000; 2: E13–E14.
14. Wary KK, Mainiero F, Isakoff SJ et al. The adaptor protein Shc couples a
class of integrins to the control of cell cycle progression. Cell 1996; 87:
733–743.
15. Lo SH, Weisberg E, Chen LB. Tensin: a potential link between the
cytoskeleton and signal transduction. Bioessays 1994; 16: 817–823.
16. Giancotti FG, Tarone G. Positional control of cell fate through joint
integrin/receptor protein kinase signaling. Annu Rev Cell Dev Biol 2003;
19: 173–206.
17. Gilmore AP, Metcalfe AD, Romer LH et al. Integrin-mediated survival
signals regulate the apoptotic function of Bax through its conformation
and subcellular localization. J Cell Biol 2000; 149: 431–446.
18. Frisch SM, Francis H. Disruption of epithelial cell–matrix interactions
induces apoptosis. J Cell Biol 1994; 124: 619–626.
19. Pullan S, Wilson J, Metcalfe A et al. Requirement of basement membrane
for the suppression of programmed cell death in mammary epithelium.
J Cell Sci 1996; 109(Part 3): 631–642.
20. Boudreau N, Sympson CJ, Werb Z et al. Suppression of ICE and apoptosis
in mammary epithelial cells by extracellular matrix. Science 1995; 267:
891–893.
21. Zhang J, Zhang LX, Meltzer PS et al. Molecular cloning of human Hic-5,
a potential regulator involved in signal transduction and cellular
senescence. Mol Carcinog 2000; 27: 177–183.
22. Thomas GL, Yang B, Wagner BE et al. Cellular apoptosis and proliferation in
experimental renal fibrosis. Nephrol Dial Transplant 1998; 13: 2216–2226.
23. Nishiya N, Shirai T, Suzuki W et al. Hic-5 interacts with GIT1 with a
different binding mode from paxillin. J Biochem 2002; 132: 279–289.
24. Lazebnik YA, Kaufmann SH, Desnoyers S et al. Cleavage of poly(ADP-
ribose) polymerase by a proteinase with properties like ICE. Nature 1994;
371: 346–347.
25. Brummelkamp TR, Bernards R, Agami R. A system for stable expression of
short interfering RNAs in mammalian cells. Science 2002; 296: 550–553.
26. Ahmed AK, Haylor JL, El Nahas AM et al. Localization of matrix
metalloproteinases and their inhibitors in experimental progressive
kidney scarring. Kidney Int 2007; 71: 755–763.
27. Johnson TS, Fisher M, Haylor JL et al. Transglutaminase inhibition reduces
fibrosis and preserves function in experimental chronic kidney disease.
J Am Soc Nephrol 2007; 18: 3078–3088.
28. Runyon ST, Zhang Y, Appleton BA et al. Structural and functional analysis
of the PDZ domains of human HtrA1 and HtrA3. Protein Sci 2007; 16:
2454–2471.
29. Oka C, Tsujimoto R, Kajikawa M et al. HtrA1 serine protease inhibits
signaling mediated by Tgfbeta family proteins. Development 2004; 131:
1041–1053.
30. Murwantoko, Yano M, Ueta Y et al. Binding of proteins to the PDZ domain
regulates proteolytic activity of HtrA1 serine protease. Biochem J 2004;
381: 895–904.
31. Krynetskaia N, Xie H, Vucetic S et al. High mobility group protein B1 is an
activator of apoptotic response to antimetabolite drugs. Mol Pharmacol
2008; 73: 260–269.
32. Chung HJ, Liu J, Dundr M et al. FBPs are calibrated molecular tools to
adjust gene expression. Mol Cell Biol 2006; 26: 6584–6597.
33. Hu Y, Cascone PJ, Cheng L et al. Lepidopteran DALP, and its mammalian
ortholog HIC-5, function as negative regulators of muscle differentiation.
Proc Natl Acad Sci USA 1999; 96: 10218–10223.
34. Thomas SM, Hagel M, Turner CE. Characterization of a focal adhesion
protein, Hic-5, that shares extensive homology with paxillin. J Cell Sci
1999; 112(Part 2): 181–190.
35. Guerrero-Santoro J, Yang L, Stallcup MR et al. Distinct LIM domains of Hic-
5/ARA55 are required for nuclear matrix targeting and glucocorticoid
receptor binding and coactivation. J Cell Biochem 2004; 92: 810–819.
36. Shibanuma M, Kim-Kaneyama JR, Sato S et al. A LIM protein, Hic-5,
functions as a potential coactivator for Sp1. J Cell Biochem 2004; 91:
633–645.
37. Jia Y, Ransom RF, Shibanuma M et al. Identification and characterization
of hic-5/ARA55 as an hsp27 binding protein. J Biol Chem 2001; 276:
39911–39918.
38. Wang H, Song K, Sponseller TL et al. Novel function of androgen
receptor-associated protein 55/Hic-5 as a negative regulator of Smad3
signaling. J Biol Chem 2005; 280: 5154–5162.
39. Nishiya N, Tachibana K, Shibanuma M et al. Hic-5-reduced cell spreading
on fibronectin: competitive effects between paxillin and Hic-5 through
interaction with focal adhesion kinase. Mol Cell Biol 2001; 21: 5332–5345.
40. Shibanuma M, Kim-Kaneyama JR, Ishino K et al. Hic-5 communicates
between focal adhesions and the nucleus through oxidant-sensitive
nuclear export signal. Mol Biol Cell 2003; 14: 1158–1171.
41. Kim-Kaneyama J, Shibanuma M, Nose K. Transcriptional activation of the
c-fos gene by a LIM protein, Hic-5. Biochem Biophys Res Commun 2002;
299: 360–365.
42. Panetti TS, Hannah DF, Avraamides C et al. Extracellular matrix molecules
regulate endothelial cell migration stimulated by lysophosphatidic acid.
J Thromb Haemost 2004; 2: 1645–1656.
43. Yuminamochi T, Yatomi Y, Osada M et al. Expression of the LIM proteins
paxillin and Hic-5 in human tissues. J Histochem Cytochem 2003; 51:
513–521.
44. Shibanuma M, Iwabuchi Y, Nose K. Possible involvement of hic-5, a focal
adhesion protein, in the differentiation of C2C12 myoblasts. Cell Struct
Funct 2002; 27: 21–27.
Kidney International (2010) 77, 329–338 337
N Hornigold et al.: Hic-5 regulation of mesangial cell phenotype o r ig ina l a r t i c l e
45. Ishino K, Kaneyama, Shibanuma M et al. Specific decrease in the level of
Hic-5, a focal adhesion protein, during immortalization of mouse
embryonic fibroblasts, and its association with focal adhesion kinase.
J Cell Biochem 2000; 76: 411–419.
46. Kim-Kaneyama JR, Wachi N, Sata M et al. Hic-5, an adaptor protein
expressed in vascular smooth muscle cells, modulates the arterial
response to injury in vivo. Biochem Biophys Res Commun 2008; 376:
682–687.
47. Sheibani N, Tang Y, Sorenson CM. Paxillin’s LD4 motif interacts with bcl-2.
J Cell Physiol 2008; 214: 655–661.
48. Sorenson CM. Interaction of bcl-2 with paxillin through its BH4 domain is
important during ureteric bud branching. J Biol Chem 2004; 279:
11368–11374.
49. Pichler RH, Bassuk JA, Hugo C et al. SPARC is expressed by mesangial cells
in experimental mesangial proliferative nephritis and inhibits platelet-
derived-growth-factor-medicated mesangial cell proliferation in vitro. Am
J Pathol 1996; 148: 1153–1167.
50. Johnson RJ, Raines EW, Floege J et al. Inhibition of mesangial cell
proliferation and matrix expansion in glomerulonephritis in the rat by
antibody to platelet-derived growth factor. J Exp Med 1992; 175:
1413–1416.
51. Border WA, Noble NA, Yamamoto T et al. Natural inhibitor of
transforming growth factor-beta protects against scarring in
experimental kidney disease. Nature 1992; 360: 361–364.
52. Border WA, Okuda S, Languino LR et al. Suppression of experimental
glomerulonephritis by antiserum against transforming growth factor
beta 1. Nature 1990; 346: 371–374.
53. Kitamura M, Kawachi H. Creation of an in vivo cytosensor using engineered
mesangial cells. Automatic sensing of glomerular inflammation controls
transgene activity. J Clin Invest 1997; 100: 1394–1399.
54. Yokoo T, Kitamura M. IL-1beta depresses expression of the 70-kilodalton
heat shock protein and sensitizes glomerular cells to oxidant-initiated
apoptosis. J Immunol 1997; 159: 2886–2892.
55. Lovett DH, Sterzel RB. Cell culture approaches to the analysis of
glomerular inflammation. Kidney Int 1986; 30: 246–254.
56. Yan JX, Wait R, Berkelman T et al. A modified silver staining protocol for
visualization of proteins compatible with matrix-assisted laser
desorption/ionization and electrospray ionization-mass spectrometry.
Electrophoresis 2000; 21: 3666–3672.
57. Tomlinson DC, Hurst CD, Knowles MA. Knockdown by shRNA identifies
S249C mutant FGFR3 as a potential therapeutic target in bladder cancer.
Oncogene 2007; 26: 5889–5899.
338 Kidney International (2010) 77, 329–338
or ig ina l a r t i c l e N Hornigold et al.: Hic-5 regulation of mesangial cell phenotype
